In this study, the effects of electromigration (EM) on the growth of Cu-Sn intermetallic compounds (IMCs) in Cu/SnBi/Cu solder joints under 5 × 10 3 A/cm 2 direct current stressing at 308, 328, and 348 K were investigated. For each Cu/SnBi/Cu solder joint under current stressing, the IMCs at the cathode side grew faster than that at the anode side. The growth of these IMCs at the anode side and the cathode side were enhanced by electric current. The growth of these IMCs at the cathode followed a parabolic growth law. The kinetics parameters of the growth of the IMCs were calculated from the thickness data of the IMCs at the cathode side at different ambient temperatures. The calculated intrinsic diffusivity (D 0 ) of the Cu-Sn IMCs was 9.91 × 10 −5 m 2 /s, and the activation energy of the growth of the total Cu-Sn IMC layer was 89.2 kJ/mol (0.92 eV).
I. INTRODUCTION
Lead-free solders have attracted extensive research due to legislative restrictions 1 on the use of lead in electronics. Lead-free solders from systems such as SnAg, SnCu, SnAgCu, SnZn, SnBi, and SnIn have been developed as possible candidates to replace the conventional SnPb solder. It is known that SnAgCu ternary alloys possess good solderability and mechanical properties and have been widely used as reliable lead-free solders. 2 However, due to the high melting point, around 217°C, SnAgCu ternary alloys cannot be used for soldering in some cases, such as temperature-sensitive components, optoelectronic modules, in step soldering processes, and thin printed wiring boards (PWBs). 3 Eutectic SnBi alloy has a melting point of 138°C, which is a preferable solder for low-temperature applications. 4 With the continuous scaling down of dimensions and increase of current densities in interconnects, electromigration (EM) has become a great reliability concern for microelectronic devices. 5 Several types of solder have been studied on several types of under bump metallizations (UBM) [6] [7] [8] [9] [10] [11] [12] [13] to investigate the failure mechanisms of solder joints under current stressing. However, only a few investigations have been conducted on the interfacial reactions in the solder joints under current stressing. [14] [15] [16] [17] Yang and Shang 11 have reported EM in eutectic SnBi/Cu solder joints. However, the effect of EM on the interfacial reactions of SnBi/Cu has not been clarified. Thus it is necessary to investigate the effects of EM on the growth of Cu-Sn IMCs in SnBi/Cu solder joints.
In this study, the effects of EM on the growth of CuSn intermetallic compounds (IMCs) in Cu/SnBi/Cu solder joints have been investigated. The growth behavior of Cu-Sn IMCs under different current stressing conditions was studied in detail. Also, the kinetic parameters of the growth of Cu-Sn IMCs were determined.
II. EXPERIMENTAL
The samples were made of two Cu wires with a diameter of 320 m and an eutectic SnBi solder ball with a diameter of 300 m by a typical reflow soldering process. Before soldering, the copper wires were cut and the ends were polished flat with 0.05 m Al 2 O 3 suspension. Then a flux-coated solder ball was "nipped" between the two copper wires, aligned in a glass capillary with an inner diameter of 320 m. Finally, the Cu wires were fixed with glue with the glass capillary and the assembly was ready for soldering. The soldering was carried out in a five-zone forced convection reflow oven (BTU VIP-70N, North Billerica, MA). The peak in the temperature profile was 176°C, and the time above the melting point of eutectic SnBi was about 82 s. The copper wires were coated with a dielectric coating to prevent the solder from wicking down the wires during soldering. In this way, the molten solder ball reacted only with the Cu wires at the two ends. After solidification, the Cu/SnBi/Cu solder joint was formed and the capillary glass tube was removed.
All the Cu/SnBi/Cu samples were cut to have a length of 4 mm (just less than 2 mm for each copper wire). Then they were ultrasonically cleaned in ethanol. It is worth mentioning that the IMC layers formed between the copper wires and the solder were very thin (<0.3 m) as compared with those reported by other researchers. 11, 18 Since the original IMC layers block the diffusion for the interfacial reaction, 19 this type of sample with thin layers of the original IMC was suitable to clarify the effect of EM on the growth of the IMCs.
As-prepared solder joints were adhered to a v-groove on a printed circuit board, put into furnaces at temperatures of 35, 55, and 75°C, and stressed by a constant direct current (dc) of the order of 5 × 10 3 A/cm 2 . Some samples were annealed at 75°C without a current flow; these were used as a reference. For each case, four samples were investigated. During the test, a thermocouple was occasionally attached to the solder joint to monitor the local temperature.
Samples were taken out of the furnaces and quenched in air after predetermined periods of time. Each sample was mounted and cross sectioned carefully toward the center of the solder joint. Microstructural observations were performed using a Philips XL 40 FEG Scanning Electron Microscope (SEM) equipped with an energy dispersive x-ray spectroscopy (EDX). The areas and thicknesses of IMC layers were measured from SEM images using image processing software.
III. RESULTS AND DISCUSSION
After the dc power supply was turned on, the local temperatures of samples increased significantly due to the Joule heating effect. Under a 5 × 10 3 A/cm 2 current stressing, the maximum local temperature of the solder joint was about 25°C higher than the ambient temperature.
Figure 1(a) shows a back-scattered electronic (BSE) image of an as-reflowed solder joint. It is found that the microstructures at both solder-to-copper interfaces are similar. Figure 1 (b) shows the case after being current stressed at 75°C for 144 h. At the anode side, there is a continuous white layer formed between the IMC layer and the solder, which suggests a significant mass transportation in the solder joint during the current stress. The original thickness of the Cu-Sn IMC layer after soldering was found to be less than 0.3 m. After annealing at 75°C for 480 h, the thickness of this IMC layer increases slightly to be about 1 m. Figure 3 demonstrates a series of BSE images of the anode and cathode side after different durations with 5 × 10 3 A/cm 2 current stressing at 75°C. The direction of electron flow in the interfaces is indicated by the vertical arrows with a symbol (e − ). The thickness of the IMC layer was determined by dividing the layer's total area by the linear length of the joint interface. For example, in Fig. 3(b) , the IMC layer's area was 532.6 m 2 which was calculated by the image processing software, and the linear length was 118 m, so the mean thickness of the IMC layer was 4.5 m.
The microstructures at the cathode and anode side after 192 h of current stressing are shown in Figs. 3(a) and 3(b), respectively. It is clear that a continuous white layer formed at the anode side, and a gray band formed at the cathode side. According to the EDX analysis, the white layer was identified as Bi-rich phase, and the gray band was Sn-rich phase. This type of phase segregation is a direct evidence of substantial EM. At both sides, Cu-Sn IMC layers are noticeable. In the bulk solder, very large Bi-rich grains formed as a result of phase coarsening under the high-density current and high temperature.
With an increase of the stressing time, more Bi atoms accumulated at the anode side, and the Bi-rich grains grew substantially, as shown in Figs. 3(c) and 3(e) . At the same time, the Sn-rich area enlarged at the cathode side, as shown in Figs. 3(d) and 3(f) . Also, the IMC layers at both sides were thickened significantly. Some gray particles appeared in the Bi-rich layer, as denoted by white arrows in the left hand images, the EDX results showed those were Cu-Sn IMCs. This type of phenomenon can be observed even at 35°C with 5 × 10 3 A/cm 2 current stressing, which suggests that the Bi rich-layer can dissolve some Cu-Sn IMCs. Figure 4 plots the variation of IMC thickness with time. Those cases stressed at different temperatures (35, 55, and 75°C) are compared with the result of annealing at 75°C without a current flow. Basically, the thicknesses of the IMC layers in both interfaces increased with prolonged time with or without current stressing. Irrespective of the time, the IMC at the cathode side grows faster than that at the anode side.
However from the curve of the sample with a 5 × 10 3 A/cm 2 current density at 75°C, it can be seen that at the anode side, the IMC layers do not maintain their growth characteristics after 276 h. It was even observed that the IMC layer at the anode side after current stressing for 480 h is a little thinner than that after current stressing for 384 h. This phenomenon can possibly be attributed to the following reasons. The Bi-rich layer at the anode side acts as a diffusion barrier when it becomes thick enough. Thus, the growth of IMC layers is slowed down since the diffusion of Sn atoms to the interface is partially blocked. At the same time, with the increase of the annealing time, the IMC layers are dissolved into the Bi-rich layer, as mentioned above, so the thickness of IMC layers showed a slight decreasing trend after the solder joints were stressed for 384 h. These are also the reasons that a thicker layer of IMC can be developed at the cathode than at the anode.
According to Fig. 4 , the IMC layers developed after annealing at 75°C without current stressing are the thinnest of all the cases. This means that the current stressing with a current density of 5 × 10 3 A/cm 2 accelerates the growth of IMC layers at both interfaces due to the combined effect of EM and chemical diffusion in the solder joint. Moreover, the higher the ambient temperature is, the thicker the IMC that can be expected during the electric current stressing study.
These results are different from those reported by other researchers.
14-17 Chen et al., 14 have investigated the electric current effects upon the Sn/Cu interfacial reactions with a current density of 500 A/cm 2 annealed at 200°C, but the results showed that the electric current does not have notable effect upon the interfacial reaction in the Sn/Cu system. Chen and Chen 15 have also reported that in Sn0.7Cu/Ni/Sn0.7Cu and Sn3.5Ag/Ni/Sn3.5Ag solder joints, an electric current accelerated the IMC growth at the cathode side, whereas it retarded the IMC development at the anode side. Also, Gan and Tu 16 have found that the growth of IMC layers was enhanced by an electric current at the anode side but inhibited at the cathode side, in comparison with the no-current case in Cu/Sn3.8Ag0.7Cu/Cu solder joints. Gan and Tu 16 also observed that the growth of the Cu-Sn IMC layer at the anode sides follows a parabolic growth manner. However, Kumar et al. 17 have observed that the presence of the electric current could retard the growth of Ni-Sn IMC at both the anode and cathode sides in NiP/Sn3.5Ag/NiP solder joints when stressed at 180°C. The same phenomenon as that in our results, in which the electric current enhanced the growth of IMC at both sides, also has been reported by Garay et al. 20 in the Ti/Ni/Ti system. Their results suggested that the electric current increases the mobility of defects or increases their concentration over the thermal equilibrium value, thereby increasing the growth rate of the IMC layers. However, it should be noted that Cu/SnBi/Cu system is different from Ti/Ni/Ti system, and thus the underlying causes for the enhancement effects will be distinct.
A possible explanation to these observations in our case is as follows. According to Gan and Tu, 16 in Cu/ Sn3.8Ag0.7Cu/Cu solder joints, the back stress in the IMC layers induced by EM could play an important role in the growth of IMC at the anode. In our case, the enhancement of the growth of the IMC at the anode side is also due to the back stress in the IMC layers induced by EM. As mentioned above, some Cu-Sn IMC particles can be found in the Bi-rich layer, which may be due to the atom flux toward the solder side induced by the back stress. It should be pointed out that Bi atoms accumulated rapidly near the IMC layers at the interface of the anode during the current stressing. After long periods of current stressing, the Bi-rich layer becomes thick enough to block the transfer of Sn atoms. Thus, a further IMC development is limited due to the lack of Sn atoms at the anode side.
For the cathode side, the growth of the IMC was also enhanced by the electric current. Two enhancement effects account for this. One is that the electric current is in   FIG. 4 . Variation of the IMC layer thickness with time.
the same direction as the Cu diffusion driven by the concentration gradient, which can enhance the total atomic flux of Cu. Another important enhancement effect is the Sn atoms pushed by the Bi atoms. It is known that electric current drives Pb atoms to the anode and Sn atoms are pushed back to the cathode in the Sn-Pb system when the temperature is above 100°C, and this enhances the IMC formation at the cathode side interface. 21, 22 Similar to the Sn-Pb system, in the eutectic Sn-Bi solder, the diffusion of Bi atoms is faster than that of the Sn atoms, so with the Bi atoms rapidly transferring toward the anode side, many Sn atoms will be pushed toward the cathode side. The pushed Sn flux is in the same direction of the diffusion of the Sn driven by the concentration gradient. Therefore, the Sn flux toward the cathode side enhanced the growth of the IMC layers at the cathode side. It should be pointed out that the back stress can also be induced by the electric current in the IMC of the cathode, and the back stress in the IMC of the cathode will retard the growth of the IMC. However, due to the thicker IMC at the cathode, the back stress is smaller than that in the IMC at the anode. Thus, the back stress inside the IMC layer of the cathode is insignificant in the IMC formation, so the flux of the Cu atoms induced by the electric current and the flux of Sn atoms induced by the rapid transfer of the Bi atoms enhance the growth of the IMC at the cathode side. In particular, the Sn flux toward the cathode induced by the Bi atoms plays an important role in the enhancement of the IMC growth at the cathode.
Due to the retarding effect of the Bi-rich layer, the growth of the IMC layer at the anode side is rather complicated. Thus, we use only the data from the IMC layers at the cathode side to investigate the growth kinetics under current stressing. Figure 5 shows a linear regression of the IMC thickness at the cathode side versus the square root of the time at the selected ambient temperature. It is interesting to note that although EM occurs significantly in the solder joints, the IMC growth at the cathode side still follows a parabolic manner.
A thermally activated parabolic model was used to calculate the IMC growth rate constant at each temperature using the following empirical diffusion formula:
where D is the diffusivity in the IMC layer, d is the total IMC layer thickness, d 0 is the initial IMC layer thickness, and t is the time.
The following simple Arrhenius relationship was used to determine the activation energy for the IMC growth:
With a logarithmic function, Eq. (2) becomes:
where D is the diffusion coefficient, D 0 is the intrinsic diffusivity, Q is the activation energy, R is the gas constant, and T is the absolute temperature. Therefore, the activation energy can be calculated from the slope of the Arrhenius plot using a linear regression model, and D 0 can be obtained by the intercepts of the regression line and the ordinate. those reported on the growth of total Cu-Sn IMC layer in SnPb or lead-free solders.
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IV. CONCLUSIONS
The effects of EM on the growth of Cu-Sn IMC layers in Cu/SnBi/Cu solder joints under 5 × 10 3 A/cm 2 electric current at different ambient temperatures were investigated.
Compared with the no-current case annealed at 75°C, the growth of the IMC layers at the anode side and the cathode side were enhanced by the electric current. Irrespective of the stressing time, the IMC at the cathode side grew faster than that at the anode side for each Cu/SnBi/ Cu solder joint with current stressing. From the plot of the linear regression of IMC thickness at the cathode side verses square root of time at various temperatures, it is clear that the growth of IMC at the cathode followed a parabolic behavior. The kinetics parameters of the Cu-Sn IMC at the cathode side were calculated from the thickness data of the Cu-Sn IMC layers at the cathode side at different ambient temperatures with a fixed current density. After linear regression analysis, the intrinsic diffusivity D 0 for the Cu-Sn IMC was found to be 9.91 × 10 −5 m 2 /s, and the activation energy was calculated to be 89.2 kJ/mol (0.92 eV).
